Proteus sp. is able to catalyse the reversible transformation of crotonobetaine into L(3)-carnitine during aerobic growth. Contrary to other Enterobacteriaceae no reduction of crotonobetaine into Q-butyrobetaine could be detected in the culture supernatants. Activities of L(3)-carnitine dehydratase, carnitine racemasing system and crotonobetaine reductase could be determined enzymatically in cell-free extracts of Proteus sp. Small amounts of Q-butyrobetaine were found in cell-free extracts, indicating that it accumulates in the cell and inhibits the crotonobetaine reductase. Crotonobetaine and L(3)-carnitine were able to induce enzymes of carnitine metabolism. Q-Butyrobetaine and glucose repress carnitine metabolism in Proteus sp. Other betaines are neither inducers nor repressors. Monoclonal antibodies against purified CaiA from Escherichia coli O44K74 recognise an analogous protein in cell-free extract of Proteus sp. No crossreactivity could be detected with monoclonal antibodies against purified CaiB and CaiD from E. coli O44K74. ß
Introduction
L(3)-Carnitine (R(3)-3-hydroxy-4-trimethylaminobutyrate) occurs ubiquitously in nature. In eukaryotic metabolism, the main function of L(3)-carnitine is the transport of long-chain fatty acids through the inner mitochondrial membrane [1, 2] . In bacteria, the physiological function of L(3)-carnitine is still unknown. Besides other betaines, L(3)-carnitine was shown to serve as an osmoprotectant in Escherichia coli [3] and stimulate the growth rate of some micro-organisms [4] .
Bacteria are able to metabolise L(3)-carnitine in three di¡erent ways [5] . Di¡erent Pseudomonas species assimilate L(3)-carnitine as sole source of carbon and nitrogen under aerobic conditions [6] . Other micro-organisms, e.g. Acinetobacter species, degrade only the carbon backbone with stoichiometric formation of trimethylamine [7, 8] . A third group of bacteria, including di¡erent Enterobacteriaceae, are able to convert L(3)-carnitine via crotonobetaine into Q-butyrobetaine in the presence of carbon and nitrogen sources under anaerobic conditions, but they do not assimilate the carbon skeleton and nitrogen [9, 10] . Two enzymes, L(3)-carnitine dehydratase and crotonobetaine reductase, were shown to catalyse this two-step pathway in E. coli [11, 12] . A racemase activity able to convert D(+)-carnitine into L(3)-carnitine was subsequently described [13] . Studies using whole cells of E. coli have shown that these enzymes are inducible in the presence of L(3)-carnitine or crotonobetaine under anaerobic conditions [14] . However, the precise function of this reaction sequence is still unknown. Seim et al. [10] postulated that crotonobetaine serves as an external electron acceptor of anaerobic respiration similar to nitrate, fumarate and trimethylamine N-oxide [15] . The stimulation of anaerobic growth of Enterobacteriaceae by crotonobetaine [10, 16] and the suppression of this reaction by nitrate or glucose [10, 16] both support this hypothesis.
L(3)-Carnitine dehydratase and crotonobetaine reductase from E. coli O44K74 have been puri¢ed and characterised [11, 17] . Both enzymes require an essential cosubstrate, such as crotonobetainyl-CoA (CB-CoA) or Qbutyrobetainyl-CoA (BB-CoA), for their enzymatic activity [18] . The enzymes and other proteins for carnitine metabolism in E. coli O44K74 are encoded by the cai-TABCDE operon [19, 20] . Amino acid sequence and/or enzymatic analysis supported the function assigned to each protein. The caiB gene encodes the L(3)-carnitine dehydratase [19] . CaiA was suggested to be the crotonobetaine reductase which, together with CaiB and CB-CoA or BB-CoA as cosubstrate, converts crotonobetaine into Q-butyrobetaine [17, 18] . CaiD was postulated to possess a carnitine racemase activity [20] .
Recent studies have shown that metabolism of L(3)-carnitine by some genera of Enterobacteriaceae, such as E. coli ATCC 25922, Proteus vulgaris and Proteus mirabilis, also occurs under aerobic conditions [21] . Comparatively low activities of L(3)-carnitine dehydratase, crotonobetaine reductase and the D(+)-carnitine racemasing system were detected in cell-free extracts of di¡erent Proteus species [21] . In this study we investigated the regulation of carnitine metabolising enzymes in Proteus sp. that showed signi¢cantly higher speci¢c enzyme activities than other Enterobacteriaceae under aerobic conditions.
Materials and methods

Growth conditions and cell disruption
The Proteus sp. used was obtained from the strain collection of Biosint (Sermoneta, Italy). Proteus sp. was cultivated under aerobic conditions. Precultures were inoculated from agar slopes into complex medium and cultivated in shaken £asks at 30³C up to the middle of the exponential growth phase. The complex medium contained 17 g pancreatic peptone, 3 g yeast extract and 5 g NaCl per litre of deionised water. Growth of cells was followed by measuring the apparent absorbance of the culture at 600 nm. For cultivation 500-ml Erlenmeyer £asks containing 200 ml complex medium supplemented with 0.5% crotonobetaine and/or di¡erent test compounds at the indicated concentrations were inoculated with 3^10 ml preculture to an initial optical density of 0.07^0.1 and incubated on a rotary shaker (200 rpm) at 30³C. Cells were harvested after 24 h, at the end of the exponential growth phase, by centrifugation at 5000Ug for 15 min and washed twice with 67 mM sodium phosphate bu¡er (pH 7.5). Cells were resuspended in 10 mM sodium phosphate bu¡er (pH 7.5) and disrupted by sonication (3U30 s) (Sonoplus GM 70, Sonotrode MS73, Bandelin Electronic, Berlin, Germany). Cell-free extracts were obtained by centrifugation at 15 000Ug for 45 min.
E. coli O44K74 (obtained from the Institut fu « r Medizinische Mikrobiologie und Infektionsepidemiologie, Universita «t Leipzig) was cultivated under anaerobic conditions at 37³C for 8 h in airtight 1000-ml £asks ¢lled to the neck with medium as described above. E. coli cells were harvested and disrupted as already described for Proteus sp.
Preparation of membrane fraction
The membrane fraction was separated from the cytosolic fraction of cell-free extracts by ultracentrifugation for 90 min at 90 000Ug (ultracentrifuge L5 65B, rotor SW 30, Beckmann Instruments, California, USA). The sediment was washed with 10 mM sodium phosphate bu¡-er pH 7.5 and resuspended in the same bu¡er.
Enzyme assays
The L(3)-carnitine dehydratase assay was carried out according to Jung et al. [11] . The conversion of D(+)-carnitine into L(3)-carnitine was determined as described by Jung and Kleber [13] . Crotonobetaine reductase activity was determined according to Preusser et al. [17] .
Protein concentrations were determined according to Bradford [22] using bovine serum albumin as standard. The speci¢c activity was de¢ned as Wmol substrate conversion per min per mg protein.
Synthesis and puri¢cation of CB-CoA/BB-CoA
CB-CoA and BB-CoA were prepared as described by Elssner et al. [18] . Dried crotonobetaine hydrochloride and Q-butyrobetaine hydrochloride were activated with phosphorus trichloride and converted to CB-CoA and BB-CoA, respectively, by addition of CoA. The reaction was monitored for free thiol groups with DTNB. Reaction mixtures containing CB-CoA or BB-CoA were loaded onto a Dowex 50 WX8 column previously equilibrated with distilled water. The CoA derivatives were eluted using distilled water. Fractions containing the CoA derivative were pooled and concentrated by lyophilisation (Christ, Germany).
Determination of trimethylammonium compounds
Carnitine and other quaternary ammonium compounds were examined by thin-layer chromatography. Adsorbents, solute systems and R f values have already been described [7] . L(3)-Carnitine was determined by the enzymatic DTNB method using L(3)-carnitine acetyltransferase [23] .
SDS^PAGE and Western blotting
Antigen samples were separated by SDS^PAGE [24] and transferred onto 0.2-Wm nitrocellulose membranes (Serva, Heidelberg, Germany) [25] . Following transfer, membranes were stained for protein with Ponceau S (0.2 mg ml 31 in 2% acetic acid). After destaining, blots were blocked overnight at 4³C in phosphate-bu¡ered saline (PBS)/0.2% Tween-20. Hybridoma supernatants (diluted 1:3 in PBS/0.1% Tween-20) were incubated with the membrane for 1 h at room temperature. Immunoreactive bands were detected by peroxidase-conjugated goat anti-mouse IgG (Dianova, Hamburg, Germany) diluted 1:500 in PBS/0.1% Tween-20 and visualised via 3,3P-diaminobenzidine tetrahydrochloride as chromogen.
Monoclonal antibodies against CaiA, CaiB and CaiD were obtained according to Preusser et al. [17] . Hybridoma supernatants were courtesy of Dr U. Wagner (Institut fu « r Zoologie, Universita «t Leipzig, Germany).
Chemicals
L(3)-Carnitine, D(+)-carnitine and crotonobetaine were generous gifts from Sigma Tau, Rome, Italy. Q-Butyrobetaine was a gift from Lonza AG, Basel, Switzerland. Carnitine acetyltransferase and calibration proteins for SDS gel electrophoresis were purchased from Boehringer Mannheim, Germany. All other chemicals were of analytical grade.
Results and discussion
Metabolism of betaines by Proteus sp.
The ability of Proteus sp. to metabolise di¡erent betaines under aerobic growth conditions is summarised in Table 1 . Proteus sp. converts crotonobetaine into L(3)-carnitine as well as L(3)-carnitine into crotonobetaine. This could be veri¢ed by thin-layer chromatography and the detection of L(3)-carnitine using L(3)-carnitine acetyltransferase. Whereas Enterobacteriaceae, such as P. mirabilis and P. vulgaris, convert L(3)-carnitine and crotonobetaine, respectively, to Q-butyrobetaine under anaerobic [9] as well as under aerobic [21] conditions, no Q-butyrobetaine was detectable (using thin-layer chromatography) in culture supernatants of Proteus sp., even in late growth phases up to 74 h. This suggests that, unlike other Enterobacteriaceae, Proteus sp. either does not express an active crotonobetaine reductase or the Q-butyrobetaine formed remains inside the cell. Transformation of D(+)-carnitine into crotonobetaine or Q-butyrobetaine was not observed. Q-Butyrobetaine, glycinebetaine and choline are not metabolised by the Proteus sp. tested and remain unchanged in culture supernatants. These results are in accordance with reports for E. coli O44K74 under anaerobic growth conditions [26] . It should be mentioned that P. vulgaris is able to catabolise choline with formation of trimethylamine under anaerobic conditions [16] .
Occurrence of carnitine metabolising enzymes
L(3)-Carnitine dehydratase and crotonobetaine reductase from E. coli O44K74 were shown to be inducible enzymes detectable under anaerobic growth conditions in the presence of L(3)-carnitine or crotonobetaine [14] . Recently, Elssner et al. [21] showed the existence of carnitine metabolising enzymes, including the D(+)-carnitine racemasing system, in some Enterobacteriaceae, especially P. mirabilis and P. vulgaris, grown under aerobic conditions. However, speci¢c activities determined under aerobic conditions were up to 50-fold lower than under anaerobic conditions. In comparison with these results, the Proteus sp. investigated in this study shows 10-fold higher speci¢c activities of L(3)-carnitine dehydratase and the D(+)-carnitine racemasing system after aerobic growth in the presence of crotonobetaine or L(3)-carnitine (Table 2) . A comparison with speci¢c activities obtained after anaerobic cultivation was not possible, because^in contrast to P. mirabilis and P. vulgaris^Proteus sp. is not able to grow anaerobically. Structurally related compounds, such as D(+)-carnitine, Q-butyrobetaine, glycinebetaine and choline, do not induce carnitine metabolising enzymes. Surprisingly, high crotonobetaine reductase activities could also be determined under these conditions, indicating that Q-butyrobetaine is formed and accumulated inside the cell. Indeed, Q-butyrobetaine was detectable in cell-free extracts of Proteus sp. using thin-layer chromatography. The accumulation of L(3)-carnitine in the supernatant after cultivation in the presence of crotonobetaine and the accumulation of crotonobetaine in the supernatant after cultivation in the presence of L(3)-carnitine both indicate that the L(3)-carnitine transport system in Proteus sp. is similar to that of E. coli [27] . In contrast to E. coli, Proteus sp. seems to be unable to transport Q-butyrobetaine from inside to outside the cell. Maximum enzyme activities occurred between 10 and 24 h of growth (Fig. 1) . Decreased enzyme activities, especially of crotonobetaine reductase, in the stationary growth phase could be caused by an inhibiting or repressing e¡ect of the accumulated Q-butyrobetaine. Activities of L(3)-carnitine dehydratase, crotonobetaine reductase and the carnitine racemasing system were exclusively found in the cytosolic fraction after removal of membrane fractions of cell-free extracts. L(3)-Carnitine dehydratase and crotonobetaine reductase from E. coli O44K74 are shown to be cytosolic enzymes, too [11, 12] . As shown in Fig. 1 carnitine metabolising enzymes are not saturated with cosubstrate in cellfree extracts because the addition of CB-CoA causes an increase of enzyme activities. Table 3 In£uence of di¡erent additives on the activity of carnitine metabolising enzymes from Proteus sp. 9  0  58  Glycinebetaine  94  84  100  Choline  104  74  86  Glucose  0  0  12 Bacteria were cultivated aerobically in the presence of crotonobetaine (35 mM) and of the tested additive (350 mM). After cell disruption, speci¢c enzyme activities were determined in cell-free extracts. In all cases the cosubstrate BB-CoA or CB-CoA was added to saturation.
Detection of carnitine metabolising enzymes with monoclonal antibodies
Structural analogies are supposed to exist between CaiA, CaiB and CaiD of di¡erent Enterobacteriaceae. Cell-free extracts of E. coli O44K74 and Proteus sp. were compared using monoclonal antibodies against puri¢ed CaiA, CaiB and CaiD of E. coli O44K74. CaiA from E. coli O44K74 has a relative molecular mass of 164.4 kDa and is a tetramer consisting of four identical subunits with a relative molecular mass of 41.5 kDa [17] . Elssner et al. [21] found that monoclonal antibodies raised against puri¢ed CaiA from E. coli O44K74 recognise analogous proteins in cell-free extracts of di¡erent Enterobacteriaceae. Cell-free extracts from Proteus sp. also showed cross-reactivity with anti-CaiA monoclonal antibody ( Fig. 2A) , whereas anti-CaiB and anti-CaiD monoclonal antibodies showed no reaction with cell-free extract obtained from Proteus sp. (Fig. 2B,C) . In P. mirabilis no cross-reactivity with anti-CaiB monoclonal antibody could be detected, either [21] . It is possible that these Proteus strains di¡er from E. coli in the epitope against which the antibody is raised.
Repression of carnitine metabolising enzymes
In analogy to Jung et al. [14] , who studied the regulation of carnitine metabolism in E. coli O44K74 under anaerobic cultivation conditions, the e¡ects of di¡erent relevant compounds on the expression of carnitine metabolising enzymes in Proteus sp. were tested under aerobic conditions. Results are summarised in Table 3 . While compounds structurally related to L(3)-carnitine (e.g. D(+)-carnitine, glycinebetaine, choline) do not in£u-ence the expression of carnitine metabolising enzymes, Q-butyrobetaine as the ¢nal product of the carnitine pathway in Enterobacteriaceae represses carnitine metabolism. Glucose also prevents the expression of carnitine metabolising enzymes. This is assumed to be an e¡ect of catabolite repression. In the case of the crotonobetaine reductase these results could be con¢rmed by Western blot analysis of the cell-free extracts using anti-CaiA monoclonal antibody. These results are in agreement with results described by Jung et al. [14] for E. coli under anaerobic cultivation conditions. Q-Butyrobetaine is a competitive inhibitor of L(3)-carnitine dehydratase [11] , but its e¡ect on carnitine metabolising enzymes is not only an inhibitory one. This could be shown by measuring enzyme activities before and after dialysis of cell-free extracts to remove Q-butyrobetaine from the incubation mixture. After dialysis enzyme activities did not di¡er considerably from untreated cellfree extract. Results of repression studies were con¢rmed by analysis of culture supernatants using thin-layer chromatography. In the supernatants of cultures grown in the presence of crotonobetaine and Q-butyrobetaine or glucose no transformation of crotonobetaine into carnitine could be detected, whereas the other supernatants (of cultures grown in the presence of crotonobetaine and D(+)-carnitine, glycinebetaine, choline or no added compound) contained crotonobetaine and carnitine in approximately equal amounts.
In further studies, we intend to purify and characterise the carnitine metabolising enzymes from Proteus sp. Furthermore we want to identify and characterise the genes/ gene cluster encoding the corresponding proteins.
